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* Iin of the anti-cluster of differentiation (CD) natural killer (NK) cells is Initiated by the formation of
I ~ 2 nmonoclonal antibody 9-1 causes an increase in stable conjugates between effcctor and target cells, an

tne concentration of cytoplasmic-free calcium antigen-Independent process which utilizes the sheep
S ([O~b-i) in cultured CD3-/CDIOL-natural killer (N K) erythrocyte receptor (cluster designation (CD) 2) and the

cells. This response did not occur in cultured CD~ftl LFA- 1 complex (CDl 1. CDI 8) as adhesion structures (I1-
C1316 cytotoxic T lymphocytes (CTL). Anti-CDi6 4). Thereafter. effectors are programmed for lysis
antibodies could partially block the calcium re- through a Call-.dependent mechanism: intracellular mi-
sponse when NK cells were stimulated with intaqt, crotubules are reorganized and cytoplasmic granules are
antibody 9-1. and antigen-binding fragment F(ab')2 oriented toward the target cells (5). Granule contents are
of antibody 9-1 did not produce a maicium. response. secreted with release of a complex of proteins, Including
Thus an interaction of the 9-1 antibcody with CD16iG oiBadsrn-seass hc rdc agtcl
Fc receptors was required for the functional effect pefrnadsrnestaswhcpouetrgtel
The dual interaction of antibody 9-1 with_.~~ lysis (5, 6). In the case of CTL. Induction of lytic activity
and CD16 was demonstratcd- by6foulation ex- requires interaction between the T cell receptor/CD3
periments:'-.Xle cytolytic activity of cultured Ng complex and specific antigen, with triggering of a trans..
cells was increased by anZibrdy 9-1 but not by membrane calcium flux and activation or protein kinase
F(ab')2 ' fragments of antibody 9-1. The enhanced C (1. 7-10). On N!K cells, a s.:'riace receptor capable of
iytic activity was blocked by anti-C'1 6 antibody, inducing cytolytic activity ;, n not -.'t been identifiled (11).
anti-CD18 antibody, and anti-CD2 antibodies that Receptoi, ligand interaction~s invoilv'n., Cz)2 nxot only
do not block the binding of antibody 9-1. This pat- .facilitate conjugate 'ýorm-itioF- ',it Jrst ap1 ~tar to Ix ini-
tern was distinct from antibody-dependent cell-me- "olved in activation of effectc;' cells (192. 131. `-ding of
diated cytotoxicity which was blocked only by the cert4in ant'-C')2 antibodies can induce an in,. -ýip in
antl-CD16 antibody. Thus antibody 9-1 enhanced the cancen..ration of intracellular-free calcium ([Callii)
cytotoxicity by activating effector cells. There was (14). In a previous study. -ve showed that simultaneous
no enhancement of lytic activity when Fiab*)-, Of bind~rig of anti-CD2 antibodies 9.6 and 9-1 lo resting '1
antibody 9-1 were cross-linked with a polyclonal cells causes an increase in ICa2"Ii (15). An unexpected
antiglobulin, even though !Ca ('2 i was increa sed. finidinig was the observation that the bindiing of antibody
These results show that induAcion of a (C041i 'le- 9-1 alone was sufficient to trigger a calcium flux in

psponse is not sufficient to enhance lytic activity in resting CD161 cells. These find'ngs suggested that acti-
NK cells, and suggest that signals delivered through vation triggered by anti-CD2 antibodies might have dif-
CD16 are nece sag~. Vo u ~'1-: 1-rm p\.icV ferent mechanisms in, cow T cells population and in

\' ~ CD16' large granular lymphocytes (LGL). a population
(CTL) and known to contain NK cells. In the present study, we

Target cell lysis by cytotexic T lymiphocytes (CL3a dcdmonstrate that the increased ICa2 i]i induced in CD16*
cells by antibody 9-I1. an lgG3 imniunoglobulin. requires

fleceverd for publication April 28. 1987. an interaction with Fc receptors and that cross-linking
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NIK CELL AkCTIVATION 1773

liiaents, nionocytes and B cells were depleted by sequential adherence pressed on lung cell and other carcinomas (18). Rat monoclonal
to plastic plates and nylon wool as previously described (16). antibody 187.1 is specific for thc mouse immunoglobulin x-chain

Cultured cytotoxic effector cells. Peripheral blood lymphocytes (27).
P131B.) were cloned by limiting dilution at a concentration of 0.5-1 Monoclonal antibodies were purified from ascites fluids by chro-
cell/well in RPM[ 1640 medium (GIBCO, Grand Island. NY) contain- matography onl protein A-Sepharose or by precipitation with 50%
Ing 25 UJ/ml recombinant Interleukin 2 (IL-2) (Amgen, Thousand saturated ammonluni sulfate followed by DEAE-Sephiacyl chroma-
Oaks. CA). 10% pooled human serum (Pel-Freez, Brown Deer. WI), 3 tography (Pharmacla). Purified antibodies were dialyzed against
x I104 Irradiated (3600 rad) autologous PBL/well and 5 X 1 03 irradi- phosphate-buffered saline and filter-sterilized. Before each experi-
ated (7000 rad) autologous Epstelin-Ba-rr virus (EBV) transformed B ment, antibodies were centrifuged (122.000 X G) for 20 mill ill a
celis/well. After 21 days. cultures showing >20% specific lysis of Beckman airfuge to remove aggregates, Certain antibodies wvere
K(562 cells at a 10: 1 ef fector to ts- get ratio were selected for contin- conjugated to fluorescein isothiocyanate according to the method of
tted propagation. Cell lines EB4. 19 and £134.3 have an identical Goding (28).
Ct)2-/CD)3-/C.D8 4/CD4-/CD1 1 /CD16-/Leu7+/Leu 19+ cell-surface Iminanofluiorescence analysis. Cells were incubated with anti-
jphiflotype (17. A~ 8). Both showed a gerniline conffiguration of the T body at saturating concentrations and stained by indirect Iminuno-
cc-ii receptor#$ andy~ genes (data not shown). Expression of functional fluorescence with the use of affinity-purifiled f luorescein-conjugatecl
Fec receptors was documented by antibody-dependent cell-mediated goat anti-mouse Ig antibodies (Tago. Burlingame, CA). A specificity
cytotoxicity (ADCC) assays by using a Thy- 1.1V SL2 murine. thymorna control was provided by staining cells with anl isotype-matched
celi line and anti-Thy-1.i murinc monoclonal antibodies (19). Spon- antibody of ant irrelevant specificity. For com.petitive binding inhi-
lant-ous cytolytic activity was present against K562 and MOLT-4 cell bition experiments. 5 X 1 0" cells were Incubated at 40C In 25 U1 of
lines, bilt not against DAUDI and B lymphoblastoid cel' lines "JH" mediumn containing 0. 1% sodium azide and a saturating concentra-
n d "DY.'On the basis of their function and phenotype. cells of lines tion Of the test anit!bod. After 30 min. 25 pi of fluorescein isothio-

..'.34.19 and EB4.3 will be termed NK cells. Cell line C3 has a CD2*/ cyanate-conjugated antibfody wvas added, and the incubation was
"CD3-/CD)8+CD4-/CD1 1'/CD16- phenotype and showvs promiscuous continued for another 30 min. Cells wvere then washed and fixed in
t vtotoxticty against K(562. MOLT-4, DAUD', and NALM- I cell lines. 1% paraforinaldehyde. For modulation experiments, a similar pro-
Tfhis cytolytic activity Is not specific for or restricted by major hits- cedure was followed except that the first incubation was performed

woiompatibility complex (MEIC) gene products. Cell line C3 is not for I hir at 37'C In absence of sodium azide. Cells wvere analyzed by
ictivc In ADCC assays. In view of the expression of CD3 and the flow inicrofluorlinetry wvith logarithmic amplification of the fluores-
absenc., of CID16, cells of this line will be termed CTL. cence signal.

Other CTL cell lines were generated by two sequential primings of Measurement of cytoplasinic-free calciumn ICa2+il. In some rx-
mormal PBL with allogeneic stimulators followed by culture at lim- perlinents. the concentration of cytoplasmic-free calcium lCa'*Ii was
ithig dilutiton. CTL line 4.47 has a CD2'/CD3*/CD8'/CD16- pheno- measured in Quin 2/AM (Calbiochem. San Diego. CA) -loaded cells
iype and is specific for HLA-1327. 0TL line 52 has a CD2ý/CD3*/ as p~reviously described (15) with the assay calibrated by the method
(.:D4+/CDl6- phenotype and Is specific for anl antigen expressed by of Tslen et al. (29). In other experiments, [Ca 2+11 was measured in
17fV-transformed cells and restricted by H-LA-Dwv I. Cc ' lines were Indo- 1 loaded cells by flowv cytonielry as described In detail elsewhere
7naintained by weekly feeding. (30). The Indo- 1 ratio of violet to blue fluorescence Is directly related

Cell lines. The erythroleukeiiia cell line K562. the pre-B cell line to the (Ca 2*Ii and was digitally calculated In real time for each
NALM-1. the B cell line DAUDI. and the T cell line MOLT-4 were inidividual cell by using a liner scale. At the beginning of each
-btained fromn American Type Culture Collection (Rockville. MD). exPeriment, the blue and violet photoniultiplier settings were ad-
The B-iyrnphoblastoid cell lines "Jil and "DY" were produced by justed so that thz ratio wvas 1 for resting PBL. The ICaz*It can be
U13V transformation of B cells from healthy volunteers. The lung calculated from the Indo- 1 violet/blue ratio by using the formula
'ai-ciniorna cell line 2981 has been described previously (20). Ali cell derived by Grynkicwicz et al. (3 1): lCa 2+11 Ka -(R - Rij(n.,- R) .
iines were maintained under standard culture conditions in RPMI (f 2)/(b2). whecre lCa2 j I = intracellular ionized calcium concentration
16340 nicdiumr (GIBCO), supplemented with 10% fetal bovine serumn (nanomolar): Ka 250 ninfor the intraceliular dye: R =Indo- I violet/
flyclone, Logan. UT). I mM pyruvate. and 2 mM glutainine. , blue ratio: R.I.= Indo- I violet/blue ratio of calcium-free dye; I<,,..=

Monoclonal antibodies. Murine monoclonal antilxxiy 9-1 wvas a Indo-lI violet-blue ratio of calcium saturated dye; J2 = blue fluores-
grif t of D~r. Bo Dupont (Memorial Sloan Kettering Cancer Center, New cence intensity of calcium-iree dye: and b2 =blue fluorescence
Y/ork. NY). Antibody 9-I, which was clustered with CD2 in the intensity of calcuium-saturated dye. We have previously determined

Secod Iteratioal orkhopon LukoyteDifcrcniaton iit the constants for this system (30). Ratios of 1. 2. 3, and 4 correspond
gezis (21), does not inhibit rosette formation with she'ep erythrocytes to a Calof131. 338, 679. and 1346 nM. respectively. The IC 

2
+11

j22). Inanunoprecipitation experiments showed that antibody 9-1 of restingT cells was .131 ±L 8 (mean ± SD). Data were collected on
reats ithi 5-k~ poypetid spcie tht culdbe receard b the 2150 "time mode," and the mean Indo- 1 violet/blue f luorescence

reats itha 5-k~ poypetid spcie tht culdbe receard y ratio was calculated and plotted as a function of time.
CD2 antibody 35.1 (data not shown). Inmmunoblotting of human elmdaecyoxci sa.Thmdu sdfrtec-aiiymocyte lysate showed that antibodies 9-1. 35. 1. and 9.6 all bind Cell-med tat cottcy(assay. The med140cnti ium us% edt orth c y-sru

to noleularspeiesthatmigate s abrod bad I) th 50k~a (1lyclone) heat-inactivated for 1 hir at 56'C. Targe' cells (1.0 x 106)region of the gel (data r~ot shown). Ouchiterloizey double immiiunie were incubated at 37*C for I hir inl 150 pt RPMI 1640 containing 300
dlif fusion with puirified rabbit anti-niouae ninuunoglobulin (1g) heavy pCi 'solium (,"'Cr) chrom-ate and 15% fetal calf serumn and then
chain antisera (Zymed) showed that antibody 9-1 has anl lgG3 iso- washed. In some experiments. iiCr-labelcd cells were prelincubaled
type. Anti body- bindini g fragments F(ab')2 of antibodly 9-1 were pre- with meduium containing mnonoclonal antibody for 30 mmi at 4*C.
p)ared by papain cleavage at PH1 4.5 as described (23). Undigested washed, and resuspended in standard mediumi before the cytotox-
antibody was removed by chromatography onl a p~rotcin A-Scpharose lefty assay. In other experiments, the cells wvere dispensed in micro-f
(-oluinni (Phiarniastla. Piscataway. NJ) and was not dletected In gel wvells .n d an tibody w~as adidedi subsequently. The cytolytic assay was
ic-ectrophoresis analysis of the finial F(ab'12 preparation. Binding proieib digefco el oIXl~C-ace agtel o.

act ivity of 9-I F(ab') 2 wvas documented by indirect nimmunofluores- inl V-bottomed microwelis Jl..nbro) containing a final assay volume TNP, eCenlce alssays, shiowing that saturation was achieved at concentra- of 200 pl. After 4 hir (A incubation at 371C in 5% CO2. 100 p1 of cell-
tions as low as 3 tpg/zl. Flab') 2 of antibody 9-1 were conjugated to free supernate were collected from each mincrowve'l for measurement_____
blotlIn by inixinif I mlf of 0. 1 M NaIICO3 containing I mg of protein of 61Cr release. Controls w~th no antibody and no effectors were used
wi Ii 60"pl of drimeihyl sulfoxide containing 50,pg Bliotinyl-N-hydrox- to measure spontaneous 51Cr release. The lysate of target cells
VSiiccirninide (Sigmia). and Incubation for 3 hrt al room temperature, treated with 5% NP-40 was used to calculate maxinwum release.

"-rhe solution was dialyzed inl phosphate-buffered saline and filter- Percent specific release was calculated according to the formula: %
sterilized before uise. Characterization of CD2 antibodies 9.6 (lgG2a) specific release = (test -sponitaneiousl/ltinaximumii - spontaneous) x F]
and 35.1 (lgG2al has been described previously (24). Antibodies FC- 100%.
I (1gM). and FC-2 (igG21hl (dfoniated by Dr. E~dward Clark. University
of Waslinfgton) arc specific for the CD1 6 Fe-receptor of L.GL and canl
blocfk iFr binding and ADCC (25). Antibodly 31C5.31 lIgG3l (providedi RESULTS

t)v Dr. Irwin D. 9t i iasca. Crct Hutcinsmiioin Cancer Research Center)
recognizes the Illhy- 1. 1 antingen of inurine thyniucyics and does inot Changes in fCa2'li indzuced by CI)2 antibodies. Acti-
cr'oss-react with humian cells. Antiboidy 60.5 (lgIG3l reacts wvith a vation induced by CD2 antibodies was examined by Inca-
mionomorphic determinant of I ilA-class I molecules. Anitibody3 60.3 Suig hnges ill ICa 2*I i inl cultured CD3-/CD 16* NK cell(igG2,a( Is specific for CDw 18. the fi-chanin of the human t.FA-1 I uiGg h
connpiex (26). Antibodxy GI-14 is specific for CD45, the Tl200 com lines and CD3+/CD16- CTL cell lines. The ICa24 Ii of NK
plex. Antibody L6 (lgG.2al recognizes a carbohydrate antigen c x- cells increased immediately after binding, of antibody 9-
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NtK line E84,19 (CD37CD)6) NK line E84.19 (CD37/CD16+)

CT lne C3 (rD3*/CD]61 )

~~ 9-i9-1

Figqure 2. Blocki ng effe.ct of antl-CD 16 antilbody FC-2 onl calcium ffluxx
induced by antl-CD2 nionoclomial antibody 9-1, Cells were loaded with

9.6 9.1 )min Quin2/AM and assayed for intracelluilar calciumn flux by determining
changes in fluorescence intensity. Cells were preincubated for 1 hir with

rim esaturating concentrations of antibody FC-2 (anti-CD 16) or 51.1 (ant!-
Fiattre . inductlon of calciumn flux by anti-CD2 monoclonal artt CDS) and then stimulated by antibody 9-1 (10 jig/mil). Antibodies FC-2

bodis 9I ad 96, ell wee laded~vih Qh2/M aid ssae~iforand 51.1 had no effect onl (Ca2*1l (not shown). The spikes oni the CD8-
intracellular calcium flux by determining changes in, fluorescence !luteni-traecllaeaticsfombbc.
sity. Antibodies were added at the timies indicated by arrowas, at a final
concentration of 10 jig/mii. ______________________

I but was not affected by antibody 9.6 (Fig. 1). The 40 1400
increased [Ca 2 +1i Induced by antibody 9-1 reached a max- I .. (9I Floebt 24GcM
(mumi level wv~thin 2 mlin and then decreased within 4 0 N -BO

min. The lCal~ii of' the CTL line was not affected by M 3.0 q \W j ... . (',*Gam -60'binding of either antibody 9- 1 or 9.6 alone (Fig. 1). When .2
CTL were preincubated with antibody 9-1. the addition 4
of antibody 9.6 induced an increase In [Ca2 Jit after a A! 9
latent period lasting less than 1 min wit~i a peak level >
reached after approximately 2 min. When CTL were i7ý C-200+ Gcm

....................................................................
preincubated with antibody 9.6, antibody 9-1 was also20
able to induce an increase in [Ca2~Ji. In this case the 10 2 4 6 8
latent period wvas approximately 3 miln and the peak Time (min)
response was reached after approximately 6 mi.n . Figmurc3. Concentration of ICa12I1 in cultured NK cell line loadcd with

Valenicy requirements for activation of NK cells by intlo- 1. The macan indo- 1 violet/blue ratio is shown on the ordinate and a
CD2 antibodies. Previous studies have shown that Cfl1 6. value of 1.0 corresponds to a lCa1*11 of 131 miM obsered in resting
the low affinity Pce receptor known to be expressed on NK lymphoacytes. Before any antibody wasatided to EB4. 19 cells. (ca2(l1 Was

263 nM. Cells were incu~bated with antibody 9-1 F(ab'h, (.---), antibodycells and granulocytes, has a preferential avidity for niit- 9.61-*-.-. -,orantibody Gl-l4i1'200)(... )attiaeo0. and goatantl-mIioluae
rifle antibodies of the lgG3 subclass (19). Furthermore. ig amilisenutn (GaTMI was added after 2.5 mini. Antibody 9-1 (-) was

added after 2.5 main. Monoclonal antibodies were used at a concentrationwhen used alone, the IgG3 antibody 9-1 was able to evoke of 50pg,'iul and GuM at I/ 10 dilution.
a calciuIm flux only In CD16* cells (15). Thus it was of
interest to detei'in~ne whether its ability to activate NI(...................0
cells required an ',nteraction wilth Fc receptors. When -0
Cultured NK cells were preincuibated wilth the aiiti-CD16 3.0 60
aintibody FC-2, there was a reduced (Ca2"Ji response after .9 60

*stimulation with antibody 9-1 (Fig. 21. Furthermore. NK 02.5- C
cells showed no [Ca 2+l increase after stimulation with W -400

* ~Flab'), of antibody 9-1 (Fig. 3. dashed line I- --- ,at 2.0-+
*time 0). Oin the other hand. cross-linking of surface- 110

bound 9-1 F(ab%) With a- goat anti-mouse 1g aintiSerumil 1.5- 9-1 Flob12-8iolin/Avidin - 20010
caused a p~romnpt increase in [Ca~i (Fig. 3. dlashed line>

a-t 2.5 min). A smaller but deflinite increase in 10... ........ ........
[Ca2 i wvas generate(' by avidin croiss-linking biotin-con- r-06on/di 10
jugated IF(ab') 2 of antibody 9-1 (Fig. 4). Cross-linking of 2 6 1 1 '
surface-bound antibodly 9.6 also induced a calcium flux Tm rn

(Fp,3). Bilnding and cross-linking of ithe contr-ol anti- Figmure4. Commeent ratim lnof l~a (I hin tilti red NK cell ;fine loaded wit 1

4). Finally, binding of tile IgG3 isoitype conitrol anti--ILA lyrnptincvlies el eepenaidfr Snnwt itncnua
*class I antibody 60.5 lii'c no effect oi le 1C.j1i (dlata liot F1a'!uhý of aniloy (--- I crr anitbuy G 1 -14. (T200) ( .. )and anialyzed
* ~~shown). Trhese data indicate that either intltivalent alt Ine0 ednwsaddt el t1 iiii le . m mtbd9-1 l(- was added after 2.5 mnii. Aniiiiiw.:ies or frageniits wvere usrd atcross-linking of CD2 mioleculescor formation of cornplexes, a concentration of 50 ,Wijtul.
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between CD2 and CD16 are sufficient to triggier an in- rgtmi
creased [Ca24ii in cultured NK cells. MduEfetrNK line E84.19

WVe have Considered the possibility that antibody 9-1 9 ______________
produced intercellular bridging by binding to Fec receptor9.
onl one cell and to CD2 on another. However. the light 3C.1rql o

scatter characteristics of the cells analyzed by flow cy- !'Ctontietry did not change after binding of antibody 9-1. Mdu
Tlids finding excludes that cellular aggregates are formedEfetr TlieC
Arnd supports the alternative hypothesis of a surface 9.e6o ~tlneC
cross-link on a single cell.3C51

Modulation oJfCDI16 induced by a CD2 antibody. The A ___________

dual interaction of antibody 9-1 with both CD2 and CD16 1 0 3
was further demnonstrated by comiodulation experiments. Irorgel' K562
Preinicubation of cultured NK cells at 40C wvith antibody Medium ~ Effector: NK line E64.19

9-I (lid not inhibit binding of the anti-CDI6 antibody FO- 9-
2. and, similarly. preineubation with antibody FC-2 did 9.6
liot inhibit binding of antibody 9-1 (Fig. 5). However, 6.
jilcubiation with antibody 9-1 for 1 hir at 370C caused O 5
irleary complete modulation of CD 16 wvhereas incubation 20 40 60 s0
with antibody FC-2 had no effect on CD2 expression. B Percent Specific 51Cr Release
gvlodulation of CD1 6 was not observed after incubation Fi~guire 6. Enhanicement of cytolytic activity of a CD16* cloned NK cell
with the IgG2a anti-CD2 antibody 9.6, with F(ab')2 Of lne by antibody 9- 1. A. Cell line E134. 19 (plicnotypc':CD2*/CD37/C016*
antibody 9 1, or with a control IgG3 antibody 60.5. spe.. and cell line C3 (phenotype: CD2*/CD3*/CD16-) were inctabated witli

"sCr-labeled NALM-I1 cells at a 10. 1 effector to target ratio for 4 hr at
cific for HLA class I inolecules. 37*C either hni medium or in antibody at a eoncentration of I pg/nil.

Activation of thie lytic progran (it NK cells by a CD2 Incuibation of target cells with antibody alone did not Increase sponta-
Give tht C2 ha a uncionl roe i ly- ieons release. Antibody 3 1C5.31 (IgG3l is spiecific for osorine Thy-1. 1

anttibody. Gie htC2hsafntoa oei y-does not react with cither EB4.19 or NALM-1 cells. Lytic activity of
pilccyte activation and that Fc receptors are involved ill anothler CD3-/CD16' cell line (EE34.3) was also enhanced by antibody 9-
antibody-dependlert target-specific lysis by killer lym- I (not stiowni. B. Cells front the NKt line r04. 19 were Incubated with 51Cr-

ph~wtes itwas f iterst t deermne te efec of labeled K(562 cells (effector to target ratio of 10/1),l hirat 37*C eitlier in
Ihets twso neett eemn h feto mcd~iu or In antibody at I jug/nil,

Antibody 9-1 on cytolytic effector cell function. In theI'
presence of antibody 9- 1. the lytic activity of the NIC cell when antibody 9-1 was added to a +D4 ljC cls
lines EB4.19 and EB4.3 tested against NALM-1 or K562 restricted. EBV-specif ic CTL. line or to a CD8" MHC class

tatrgets wvas profoundly enhanced (Fig, 6). In contrast, I-specific CTL line (Table 1). Thus antibody 9-1 was only

and consistent with p~revious Studies, anti-CD2 antibody capable of enhancing lysis mnediated by CD 16" NK cells
9.6 (IgG2a) had an inhibitory effect on NI( lytic activity and had no effect on lysis mediated by CD 16- CTI.
(24, 32). Binding of lgG3 isotype control anti -HLA class I It was possible that ADCC was responsible for in-
nlo effect on the lytic activity the CD3'/CDWfi (CTL line neither NALM- I nor 1K562 cells have surface CD2 detect- -

C. (Fig. 6). Similarly. there was no indtuction of promis- able by indirect timinunoifluorescence and NALM-1 cells
cuous kiiling or inhibition of lectin-I'aciiitated cytotoxicity do not express Fc receptors whereas 1K562 cells express

FeRl, (33, 34). The enhanced lysis induced by antibody 9-
1 wvas directly compared with ADCC by testing the effects

FC-2 FITO 4*C FC-2 FITC 371C of other antibodies known to inhibit the activity of cyto-

96 Med'o FC-2 lytie cells. When PBL effectors were tested in cytolytic
10/A91 IFloblz 9 -1 Nti 'tassay against the CD2- lung carcinomna 2981 cell line.

s.' 7%1 -iii ni-I 8atibody 60.3 and anti-CD2 antibodies 9.6

/30 , x alid 35.1 Inhibited 9-1 induced lysis but not ADCC,
too whereas tile anti-CDI6 Fie receptor antibody P0-2

blocked both activities (,rable 11). Slinilar resulit-; were
91 FTC C 9i FTC 7~Cobtained by Using cultured CD3-/CD16* Ni( cells tested

9'1 flolib 1 6 against NALM- I cells (Table Ill). Further evidence that-
I C2 ~91Rlilz I - antibody 9-1 enhanced killing by (directly activating cf-

FC- V05CO fector cell function, and not by ADCC. was provided by
~ j: \\experinie~nts demonstrating that lysis was Ilot increased
U Li... I ~ . ~ when target cells were lpreincttbated with antibody 9-1

andl wvashcd bfr hccytotoxic assay (data not shlown).
Log Fluorescence Intensity Experiments (tescribed atove demionstrated that either

Piptiuro5. Cooir~xiiiliitoionof (1)2 and 11w cCDI 6 Ic reerpitori)y aitihrlKiy nitl t ivalent cross-linking of CD2 or the format ion ol coin-
9-1. Celisor (the NXt rel lInc l-HI.i 19 were preinctibiated will th sa Oiral log exsbtenC2adD6wssufcnto igQI
roliccintraItlul of cachi iiidiated anihnclv or niedinom for I hir af eithier *1 C pesbtw nCI2*1 an CD1 t ufcett rger

Sr:17'C itid aliciLttS s%'ere t1utu stained with I ltioscsceio-conjgll tl increased [Ca 2 i in NKl cells. In cytolytic assays. F,(ab') 2
* CiDi 6 antibodv FC-2 or with ftlioecl-oiuae aIiCIY antli)(AY 9- of ant ilha(l 9-1 did not enhlance thle lytic activitv of cit her

. CellIs vere anral'zed by I low nle rof itorinnet r withi loglarill i h aie:ipli-
* fira1tionl of thle iluioreseence signal1. Antibo~dy (60.5 (IgW)i is specific for resting oir ctulin-ed NI( cells (Table IV). Simnultanleou.s

llI.A-claos I mioleculet; in~cubation wit h Flab')2? of antibody 9- 1 and withI a inutrine
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TA13LE I
Cytolyttc atctiv'ity of CD3/1CD16 cuiltored ailoreactitte CTL0

Relevant Target (LCLDY) Irrelevant Target [LCI. J11I")
CTh Linc Con A

hiediumn AntiIody 9.1 Medharn AntibrdyO.1
4.47 -58 47 1 3

+ 47 44 47 45
52 -57 53 7 5

+ 56 49 19 23
Results represent eniua percent specific lysis qs P-:asurcd by 5tCr release assay. Cell line 4 47 Is a CD3I/CD8S/CD 16:

CTI, specif Ic for H-LA-B27. Cell line 52 Is a CD3/CD4*/CD 16- HLA-Dm I1-restricted CTI. specific for an EB-associated
antigen. The EI3V-tratisformicd D-lyniphoblastoid cell line (LCL) DY Out not Jl- expressed HILA-827 Ind i-LA-Dw 1. The B-
lymp1hobiastold cclIi line JH does niot express either I ILA-B27 or HLA-Dwl1. Ef fector cells were inicubated with targets at a
10: 1 ef fector to target ratio for 4 hr at 37*C with antibody (I 1gig/mi). Conl A (2. 5 pg/mi) or incdiuni alone.

TABLE 11

Cytolytic activity qf peripheral blood lymiphocytes: effects of anttt.CD 16. anti .CM0 8. and anitt-CD2 monoclonal
anitibodies on ADCC and lyssisindu.ced by antibody 9-Jo

Experiment I Experiment 2

Anibded1iurn Antibody Antibody Mediu Antibody Antibody
AnioyFC-2(COIGi 35.IICD2) 60.3ICDwI8i 9.GICD2)

Medium 18 4 18 18 5 13
LS(anIM-2981) 47 5 40 33 34 43
9-! (arti-CD2I 87 15 15 78 17 6

SResults are expressed as nmeani percent specific slCr release, POL were assayed for cytotoxicity againtst 2981 Ilung
carcloooma cells by a 4-hr "'Cr release assaty at ail effector to target ratio of too:1I. rihe antibodies were added at a
concentration of 10 ,ig,/ral. Antibodies 9.6 and 35.1 do riot block binding of antibody 9-1 to effectoe celia. Aritibody L6
used for the ADCC assay binds to target ceiis but niot to human POL. Antibody 9-i binds to litmian PBL burt riot to the lung
carcitinoa cell line.

TABILE Ill
Cyltolytic activity ojculttired NK cells: q fcis oj anti-CD 16, arait-CDtw J8. and a nti. CD2 mnonoclonal antiUbodies on

lysis indutced by antibody 9-J"
Menmacoam! Ammt'bxdy

Stinmulus Medium- ____flFC- I tCDI61 60.3 iCDwiti 08 .6 (CD2)
MMeinn it 9 7 6
Antibody 9-1 34 14- 4 4

Restiltsare expressed as mnean percent specific "'Cr release. NK cell line E114. 19 (CD3/,CD16*) was Inctubated at a
to: I effector to target ratio with 5'Cr-iab~elcd NAI.M- I targets. Antibodies were uised at a concentration of I pg/rai.

TABLE IV
Enhanicemneit ofJntciitrntkiiiing by antibody 9-1 req itres Integrity of the Pc doilainl

Percent Specific 5 tcr tteiense

StImnuflas ______

NK celliline" Expt. 2

Meinnlitr Antibody MG21 (I itG3

MedUium 10 3 !0 2
SAntibody 9-1 35 22 61 65

Antibody 9-i FElab'lx 4 1 .. 7
Antibody 9-i Fla-b') 2 +- anti-mouse Ig 4t 2 __ _____

.Ni( celi line E134. 19 (CD3-/CDi6*) wa~i tsted agaimAl NALM- I targects in a 3111i1l1r assay IIn tile IrCesenCC of 9-1 anltibody
or F'ishi2 at a concentratiotn of 50 pg/nfl. A goat atiI-nuotse ig altisertini was tised at 1/10 difluton.

11)i31. were assayed for cytotoxicity against 
5mCr-imbelcei 2981 iting carcinonia cevls at an effector to target ratio or 10;1

altter 4 hr of incuibation itt the presence of 9-1 antibody or F(ab",2 i a concentration of 10 uig/mil. Antibody NIG21 ligG3)
is anl isotype control of Irrelevant specifIicily. A rat mnonio lanai antiL. dy specific for tile inurine. ig ~.h-Canil Was Used at 30

I gG3 ininunoglobulmn of iirrele~vailt specificity (MG21) d~d cross-links and coinodulates CD2 mo10CCUles and CD16
riot induce cytolytiC activity. MUtltivaict cross-linking of Fc receptors. The ability of antibody 9-i to bind to CDI 6
C[)2 with IF(ab') 2 of antibody 9-1ikand a goat anti-miouse may be related in part to its lgG3 isotype. Previous studies
Ig antiserum also did not enhlance thle lytic activity Of using a family of igG isotype switch variant antibodies
Lhese Cells. These dlata suggcst that an increased ICa2*ji wvith identical avidity for thle Thy 1. 1 antigen oi n mitt-in

*is not sul'ficienlt to trigger the lytic p)rogram of NK cells lyinphomna SI.2 have shown that mnurine. lgG;3 antibodies
and that interaction with both CD2 atnd CD! 6 is r-equired. arc fivefold more potenlt than lggG2a and 30-fold miore

DISCUSION oten~t thain lgG2b in mediating ADCC by hItlinan Fc-
DiSCU~iONreceptor' NK cells, mnost likely as a result of a more

We have developed a modtel for piubing NI( cell activ'a- efficient binding to humana CD16 (19). Thle specific CD2
tionl by using an) anti-CD2 monoclonal antibody which cpitopercognzed may represent another possible basis
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for the interaction between antibody 9-1 and CD 16. Anti- miacrophage Fc receptor In programming for the lethal
bodies may bind to this epitope in a way that allows and hit. Other changes in human NK cells have been de-
lacilitates an interaction with adjacent CD16 molecules. scribed after antibody binding to cell-surface Fc recep-
"Tihese two possible explanations for the dual interaction tors. Human lymphocytes exposed to solid-phase bound
of antibody 9-1 with CD2 and CD16 are not mutually immune complexes show flattening and uropod forma-
exclusive and both may be important. tion (38). Furthermore. Sepharose-bound anti-CD16 an-

Our findings suggest that CD2 is a surface structure tibody has been reported to induce expression of IL-2
capable of transducing signals that increase [Ca 2 ]i in NK receptors and HLA class II molecules on human NK cells
cells. A calcium response was not observed after binding (39).
of Fiab')2 of antibody 9-1 but was induced by cross- We surmise that Fe receptor triggering in INK cells
linking surface-bound 9-1 antibody F(ab')2 or intact 9.6 might induce protein kinase C activity. Nishizuka has
antibody with a polyclonal anti-murine ig antiserum. proposed that protein kinase C strictly controls calcium
Multivalent cross-linking of CD2 molecules was suffi- homeostasis In various biologic systems (40). We have
cient to trigger calcium flux, and it appeared that this observed that the kinetics of [Ca"]ii responses triggered
response does not depend on binding to a particular CD2 by anti-CD2 antibodies are different in CTL and NK cells.
epitope. Anti-CD16 antibodies did not induce detectable In CTL the increase is sustained for at least 15 min, but
ciianges in jCa 2-ji indicating that Fc receptor binding per in NK cells the peak response is followed by a prompt
5e does not trigger the calcium response. However, cross- decrease, suggesting the activation of a compensatory
linklng surface-bound F(ab')q. of antibody 9-1 with anti- mechanism. Support for the possibility that protein ki-
Siobulin caused a larger Increase in (Ca2+1i than cross- nase C is involved in activation of the lytic program of
linking biotin-conjugated F(ab')2 of antibody 9-1 with NK cells has come from a study by Graves et al. who
avidin. suggesting that bridgingand comodulation of CD2 showed that NK cytotoxic factors were released after
and CDIS may amplify the activation signal. In the case simultaneous stimulation of PBL vith a calcium lono-
oP antibody 9-1, formation of trimolecular complexes be- phore and a phorbol ester, whereas either aert alone
bveen two CD2 molecules and one CDi6 molecule ap- was ineffective il). Also, Trinchieri et al. found that
pears to mimic the effect of cross-linking CD2 with a preincubation with phorbol esters enhanced sponta-
furine monoclonal antibody and a polyvalent antiglob- neous cytotoxicity of human lymphocytes tested against
%lin. both NK-sensltive and NK-insensitive targets (42).

The conditions for inducing an increase in ICNa'li in Our results and those of other investigators indicate
tD16- CTL and CD16' NK cells were different, In coil- that triggering by anti-CD2 antibodies may be affected
tared CTL. a calcium response was observed only when by epitope specificity and by the affinity for Fc receptors.
anti-CD2 antibodies 9.6 and 9-1 were used together. Led- It Is possible that only certain anti-CD2 antibodies inter-
better et al, (35) have reported that cross-linking of CD2 fere with conjugate formation (22). Binding valency and
with antibody 9.6 and a polyclonal goat-anti murine ig modulation efficiency may also affect signal transdue-
Antiserum caused a calcium increase in purified resting tion, as shown for anti-CD3 antibodies (10). Differences
T cells. Thus it appears that cross-linking tf CD2 mole- in one or more of these antibody characteristic. may
eule represents a critical event required for inducing an explain, for example, why antibodies 9.6 and 35.1 can
increased [Ca 2*]i and that this can be accomplished by block enhancement of cytolytic activity by antibody 9-1
",using pairs of antibodies specific for distinct epitopes and why the 9-1 and 9.6 antibody pair evokes calcium
(14. 15). flux in T cells but not the promiscuous cytolytic activity

The cascade of events that follow the calcium increase occurring after simultaneous stimulation with the anti-
in NK cells has not been elucidated (36), Although it has CD2 antibodies TI 12 and Ti 13 (13). On the other hand,
been reported that a calcium ionophore can induce secie- we havc found that antibodies T 132 and TI l affect NK
Lion of lytic granules and release of serine csterase activ- cell function with a pattern identical to antibody 9-1 (1.
ity by an NK cell line (6), In our hands it failed to enhance Hellstrom, unpublished observations). Antibodies Ti 12

cytolytic activity of resting LGL (data not shown). Our (IgG2) and Ti 13 (IgG3) each evoked a calcium increase in
experilmcnts indicatc that different signals are required NK cells and induced PBL-mediated lysts of lung cardt-
for triggering increased (Ca2*÷i and for enhancing cytoly- noma 2981 target cels that could be blocked by anti-
tic activity. The multivalent cross-linking of CD2 mole- CDl 6 antibody FC-2and by anti-CD2 antibody 9.6. These
cUieS produced by 9-1 F(ab')2 and antiglobulin was ca- findingssuggesttthat 9-1. Ti li, andTl l 3antibodiescach
pable of inducing increased [Ca 2*il but was not sufficient activate NK cells via a similar mechanism.
to enhance cytolytic activity. This indicated that activa- It has been proposed that CD2 functions as a surface-
tion of the lytic program by certain CD2 antibodies re- adhesion structure involved in cellular interactions (2,
qulires interaction with the CD16 Fc receptor. 43-45). The natural ligand for CD2 has been shown to

Other models of cellular activation through Fc recep- be a cell-surface molecule known as LFA-3, a 60- to 70-
toys have been described. Cells from the P388D, macro- kDa glycoprotein expressed on a large number of hema-
*hplnige line can 13'se chicken erythroeytes in the presence topoietic and not heniatopoictic cell types (45. 46). It is
of' hcicroaggregated antibodies that bridge Fc receptors possible that, upon interaction of CTI. and NK effectors
oil effector cells and trinitrophenyl antigen on target cells with target cells, the natural ligand binds and cross-links
j371. l-ieteroaggrcgrites of anti-murine MIIC class I and CD2 molecules with trigpgering of a calcium flux in a
anti-trinitrophenyl antibodies were able to induce con- manner shiilar to the effect of ant!-CD2 antibody bind-
jitgate formation but did not facilitate lysis. Taken to- ing. In the case of CTI,, target cell lysis follows conjugate
gether. these results suggested a specific role for the formation only after recognition of specific antigen by
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tile 'I' cell receptor or, after triggering by antl-CD3 anti- clone: chiaracterizition of two Nit itsoiaied antigens. NKIII and
NKI 12. expressed onl subsets of large granular lytmphocytes. J. C1111.Fbodies (1). Our stiudy suggests that target cell lysis by NI( Invest. 75:932.

cells Is trlggcred by a signal delivered through the Fec 19. Anasetti. C., P. J. Martin. Y, Morishita. C. C. Badger, 1. D. Bernstein,
rcci-.,ttor. 'rhe requirement for two signals would allow avidIJ. A. Hanttson. 1987. Huiman la,'gc granular lyinphoicytcs express

1 17 'high 
affinity rec eptors for mur tne itn oemlunal antibodics of thle IgG 3

activation or thle lytic program only wvhen CD16 1i1 trig- subcass. J. miitatol. 138:2979.
get'ed by target cell bouind lgG and not by soluble im u- 20, [lClistronI, L.. P. L. lieaumler, and K. E. Ilelistrom. 1986. Antitumnor

co pee.This model does not excludeteeieceo effects of L.6. ant 1IgG2a 1111ibody that reacts with most humani car-
co pexs tieeitneo ciaomas. Proc. Nat(. Avaiul. Set. USA 83:7059.

possible NK cell receptors. wvhich might function in par- 21. Haynes, B. 19,96. Sumnmary orfT cell studies performied during the

allel with the Fe receptor. Secoild Initerinatioinal workshop and conaference onl huniait Ileukocyte
differentiation anligeits. lit 1.etikocte Typing9 If. E. Relinherz, B.
Haynves. L.. Nadler. 1. Bernstein. eds. Springer-Verlag, New York. p.
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